Abstract. Multidrug resistance is a serious obstacle encountered in leukemia treatment. Previous studies have found drug resistance in human leukemia is mainly associated with overexpression of the multidrug resistance gene 1 (MDR1). The aim of the present study was to investigate the modulation of P-glycoprotein expression by triptolide in adriamycin-resistant K562/A02 cells. The reverse effects of triptolide on drug resistance in K562/A02 cells were assessed by 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT) assay. The percentage of apoptotic cells was obtained from annexin V/fluorescein isothiocyanate (FITC) and propridium iodide (PI) double-staining. The effects of triptolide on P-glycoprotein activity were evaluated by measuring intracellular adriamycin accumulation. The expression of P-glycoprotein was determined by flow cytometry. A luciferase reporter gene assay was used to detect the transcriptional activity of the MDR1 promoter. Results revealed that triptolide decreased the degree of resistance of K562/A02 cells, and significantly inhibited P-glycoprotein expression and drug-transport function, and increased the accumulation of adriamycin in K562/A02 cells as measured by flow cytometry. A luciferase reporter gene assay demonstrated that triptolide was capable of inhibiting the transcriptional activity of the MDR1 promoter. Triptolide may effectively reverse the adriamycin resistance in K562/A02 cells via modulation of the P-glycoprotein expression and by increasing intracellular adriamycin accumulation.
Introduction
Chemotherapy is used systematically to treat patients with leukemia. Failure of the radical cure of leukemia patients often occurs as a result of intrinsic or acquired drug resistance of the leukemia cells to chemotherapeutic agents. Although the exact mechanism remains unclear, the role of ATP-dependent drug efflux-proteins on the cell membrane is currently accepted as a major cause behind cancer drug resistance. The P-glycoprotein transporter is a 170-kD plasma membrane glycoprotein encoded by the human multidrug resistance gene 1 (MDR1). P-glycoprotein is capable of transporting intracellular drugs out of cells to acquire drug resistance (1) (2) (3) . A number of natural and synthetic substances have been tested for their ability to overcome MDR in vitro and in vivo (4) . These substances include calcium channel blockers (e.g., verapamil), calmodulin antagonists (e.g., trifluoperazine) and numerous polyphenolic compounds, including curcuminoids, curcumin and eigallocatechin gallate (EGCG) (5-7). However, none of these compounds have been applied in the clinic owing to their severe side effects and poor pharmacokinetics in vivo (8) .
Triptolide (TPL), a diterpenoid triepoxide derived from Tripterygium wilfordii Hook f (TWHf; also known as Lei Gong Teng), has been used as a natural therapeutic agent in traditional Chinese medicine for centuries. TPL has been used successfully in clinical treatment of rheumatoid arthritis, autoimmune diseases (e.g., rheumatoid arthritis, nephritic syndrome, ulcerative colitis, asthma, idiopathic pulmonary fibrosis) and organ transplant anti-rejection (9) . In recent years, TPL has also demonstrated strong anti-proliferative activity and induction of apoptosis in a broad range of cancers in vitro and in vivo. TPL induces apoptosis in a variety of leukemic cell lines and primary acute myeloid leukemia blasts via the mitochondrial pathway (10) . Clinical trials in China have demonstrated TPL-induced remission rates of 71-87% in mononucleocytic and granulocytic leukemia (11) . TPL and its water-soluble derivative TPL-88 also demonstrate enhancing effects on the cytotoxicity of certain cytokines and conventional anti-cancer drugs (10, (12) (13) (14) . Numerous studies reveal that TPL is a strong inhibitor of NF-κB, which is capable of regulating the expression of the MDR1 gene. Therefore, TPL may modulate P-glycoprotein expression through inhibition of NF-κB activity.
In the present study, we observed the enhancing effect of TPL on the cytotoxicity of adriamycin in MDR leukemia cell line K562/A02 and intended to explore the potential molecular chemosensitizing mechanisms. Our results demonstrate that TPL strongly enhanced the cytotoxicity and apoptosis of adriamycin through downregulation of P-glycoprotein in adriamycin-resistant K562/A02 cells.
Materials and methods
Cell lines and cell culture. The human chronic myeloid leukemia cell line K562, and its MDR counterpart K562/A02, were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (China). K562 cells were cultured in complete RPMI-1640 at 37˚C in a humidified atmosphere of 5% CO 2 . K562/A02 cells were cultured in a medium containing 1 µg/ml adriamycin for maintaining the MDR phenotype. The cells were passaged every 2-3 days and cultured for 2 weeks in drug-free medium prior to their use in the experiments.
Cytotoxicity assay. Cell viability was assessed by 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT) assay as reported previously (15) . Cells were seeded into 96-well plates in RPMI-1640 containing 10% fetal bovine serum (FBS). The cells were treated with serial dilutions of TPL. Approximately 72 h following TPL treatment, MTT was added at a final concentration of 0.5 mg/ml, and the cells were incubated for 4 h at 37˚C. The optical density was read at 570 nm with a microplate spectrophotometer. Each experiment was repeated in triplicate.
Drug resistance reversal assay. K562/A02 cells seeded into 96-well plates were treated with various concentrations of adriamycin in the absence and presence of TPL at doses of 5 nmol/l for 72 h, respectively. By using the same MTT assay as mentioned above, the inhibition ratio of each adriamycin concentration with or without TPL was calculated using the Statistical Package for Social Science (SPSS) method. In all the experiments, each group was conducted in 6 individual wells.
Apoptosis assay. Annexin V/fluorescein isothiocyanate (FITC) and propidium iodide (PI) apoptosis detection kit (BectonDickinson, Franklin Lakes, NJ, USA) was used to quantitatively measure the phosphatidylserine in apoptotic cells. Briefly, cells (5x10 5 per well) were seeded into 6-well plates and then treated with 3 µg/ml of adriamycin in the absence and presence of 5 nmol/l TPL. After 24 h, the cells were harvested and washed twice with ice-cold phosphate-buffered saline (PBS) (pH 7.2). After 5 min of centrifugation at 200 x g, Annexin V/FITC and PI double-staining were performed according to the manufacturer's instructions. Cell apoptosis was analyzed on a FACScan flow cytometry (Becton-Dickinson). Annexin V-positive, PI-negative cells were scored as apoptotic. Double-stained cells were considered to be necrotic or late apoptotic.
Intracellular adriamycin accumulation assay. K562 and K562/A02 cells were plated in a 6-well plate at a concentration of 5x10 5 cells in 2 ml of growth medium. After 24 h, TPL was added to the K562/A02 cells for a further 24 h. K562/A02 cells were incubated with 3 µg/ml adriamycin (with or without TPL) for 1 h at 37˚C. Cells were harvested following three washes with ice-cold PBS. The cells were subsequently subjected to flow cytometry (FACSAria; Becton-Dickinson). The K562 cell was used as a positive control for maximum adriamycin accumulation.
P-glycoprotein expression assay. The cell-surface P-glycoprotein levels were measured by flow cytometry (16, 17) . K562/A02 cells seeded into 24-well plates at a density of 1x10 5 per well were treated with 5 nmol/l TPL for 24 h, respectively. The cells were harvested, washed twice with ice-cold PBS, counted and then labeled with mouse anti-human monoclonal antibody against P-glycoprotein according to the manufacturer's instructions. The fluorescent intensity was analyzed using FACSCalibur with isotype as a control. Duplicate experiments with triplicate samples were performed.
Luciferase reporter gene assay. Construction of the MDR1 promoter reporter plasmid and luciferase assay were described in a previous study (18) . To obtain the MDR1 promoter fragments, polymerase chain reaction (PCR) amplification on human genomic DNA (forward primer 5'-GGG GTACCCCAGTCTCTACG-3', reverse primer 5'-CAAGCTT GTCCGACCTGAAGAG-3') was performed in a 50 µl reaction mixture. The PCR product was cloned into the KpnI/HindIII site of the pGL3-basic vector. K562/A02 cells were plated in 6-well plates at a density of 5x10 5 . pGL3-MDR1-promoter plasmid (2 µg) was transfected using the Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Following transfection (4-6 h), the cells were reseeded in 96-well plates and TPL was added to the cells at a final concentration of 5 nmol/l. After 24 h, the cells were harvested with extraction buffer (25 mM glycylglycine, pH 7.8, 15 mM MgSO 4 , 4 mM EGTA and 1% Triton X-100). Luciferase activity was measured using a FLUOstar OPTIMA system (BMG LABTECH GmbH, Ortenberg, Germany). Transfection experiments were repeated at least three times.
Statistical analysis.
Experiments were repeated at least three times; data are presented as the mean ± standard deviation (SD) and were analyzed using the SPSS method (SPSS Release 12.0; SPSS Inc., Chicago, IL, USA). Student's t-test was used to assess the statistical significance of differences. P<0.05 was considered to indicate a statistically significant difference.
Results

Cytotoxicity of TPL.
To investigate the effect of TPL on MDR, human leukemia cell lines K562 and K562/A02 were used to determine the non-toxic dose of TPL. The cytotoxic effects of TPL on K562 and K562/A02 cells were measured following a 72 h treatment (Fig. 1) , since the reversal multidrug agents are required to be maintained at appropriate concentrations, at which the drugs have no inhibitory or toxic effects on the tested cells. Consequently, a concentration of 5 nmol/l TPL was used to study the reversal effect of MDR.
Reversal of adriamycin resistance in vitro by TPL.
To investigate the effect of TPL on the sensitivity of K562/A02 cells to a chemotherapeutic agent, cells were incubated with 5 nmol/l TPL and a full range of concentrations of adriamycin. Results (Fig. 2D ) revealed that 5 nmol/l TPL increased the sensitivity of K562/A02 to adriamycin. Furthermore, the regulation of TPL on the cytotoxicity of adriamycin towards K562/A02 cells was also evaluated by quantification of the apoptotic cells. As shown in Fig. 2A , B and C, when adriamycin was combined with 5 nmol/l TPL, the mean apoptotic population of K562/ A02 cells was increased from 4.3 to 18.5%, respectively, compared to 3 µg/ml of adriamycin treatment alone. The result suggested that the increased cytotoxicity on K562/A02 cells from the combination of TPL with adriamycin was achieved through enhancing the adriamycin-induced apoptosis.
Increased accumulation of adriamycin by TPL.
The ability of TPL to increase the adriamycin-induced cytotoxicity towards K562/A02 cells was evaluated by intracellular adriamycinassociated mean fluorescence intensity (MFI). As shown in 
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Inhibited expression of P-glycoprotein and MDR1 promoter activity by TPL. To assess the effect of TPL on P-glycoprotein expression, flow cytometry was performed (Fig. 4A-C) . A high level of P-glycoprotein expression was detected in K562/A02 cells. However, when K562/A02 cells were treated with TPL, the P-glycoprotein level was significantly decreased. MDR1 promoter activity was measured by the luciferase reporter gene assay (Fig. 4D ). In the presence of TPL, MDR1 promoter activity was significantly decreased. The results indicate that TPL modulated the expression of P-glycoprotein through inhibition of the MDR1 promoter transcriptional activity.
Discussion
Chemotherapy is an indispensable tool used in cancer treatment. However, the emergence of cancer cell resistance to chemotherapy often hampers treatment efficacy. A major mechanism of resistance is the overexpression of drug-efflux pumps, such as P-glycoprotein (19) . One strategy for the reversal of drug resistance in cells expressing ABC transporters is the combined use of anticancer drugs with modulators (20) . Investigators have carried out numerous studies on drug resistance reversal in tumor cells in recent years and have developed 3 generations of drug resistance reversal agents, termed I, II and III (21), including verapamil, cyclosporin, quinidine and tamoxifen. These agents are capable of partly, or even completely, reversing drug resistance in in vitro experiments. Currently, however, most of these compounds have shown less than encouraging results. The aim of this study was to determine an effective and safe drug resistance reversing agent from Chinese traditional medicine, and to gain insight into its reversal effect and the molecular mechanism of that effect. Previous studies have found that NF-κB is important in drug resistance. NF-κB is a crucial transcription factor involved in multiple biological processes, including immune stress, cell differentiation, cell cycle control and cell apoptosis. Its functions in tumor formation, invasion, metastasis and drug resistance have captured increasing attention in recent years (22) . Several studies have proven that MDR1 gene expression was regulated by NF-κB. It was reported that NF-κB was capable of activating the transcription of reporter genes connected to the MDR1 promoter, suggesting that MDR1 is a downstream gene regulated by NF-κB (1, 23) . Of note, a NF-κB-binding site was identified in the sequence between -167 bp and -158 bp upstream of the MDR1 gene (5'-GGGGAATTCC-3') by transient transfection technology. Furthermore, inhibition of NF-κB expression in HCT15 cells resulted in the downregulation of MDR1 mRNA/P-glycoprotein expression, indicating that NF-κB plays a role in the regulation of drug resistance (24) .
We became interested in TPL since it was reported that TPL is a potent inhibitor of NF-κB activation. Furthermore, the component monoterpenoids of the essential oil of Zanthoxyli fructus, demonstrate a strong inhibition of P-glycoprotein (25) . TPL is a diterpenoid triepoxide derived from the herb Tripterygium wilfordii, and is proposed to have a similar molecular structure to the monoterpenoids. Therefore, we examined the effects of TPL on K562/A02 cells to observe whether this compound would show reversal of MDR activity. Moreover, we investigated the reversal effect of TPL on K562/A02 cells. A combination treatment of cells with TPL and adriamycin, revealed a significant increase of the sensitivity of adriamycin against K562/A02 cells. Expression of P-glycoprotein was markedly reduced in TPL treatment. In addition, the functional activity of P-glycoprotein to mediate drug efflux was decreased, leading to increased intracellular drug retention and drug resistance. TPL treatment combined with adriamycin was capable of promoting the adriamycin-mediated apoptosis of K562/A02 cells. These results demonstrate that TPL is capable of reversing the acquisition of drug resistance of K562/A02 cells. Recent results demonstrated the in vitro chemosensitizing effect of TPL on the cytotoxicity of 5-fluorouracil. Chen et al found TPL inhibited P-glycoprotein expression and enhanced the 5-fluorouracil antitumor effect on KB cells (26) . In another study, TPL simultaneously induced reactive oxygen species, inhibited NF-κB activity and sensitized 5-fluorouracil in colorectal cancer cell lines (27) . To the best of our our knowledge, this is the first study to explore the in vitro chemosensitizing effect of TPL on the cytotoxicity of adriamycin in leukemia cells.
In conclusion, TPL may effectively reverse MDR in K562/ A02 cells via inhibition of the expression and drug-transport function of P-glycoprotein.
